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ABSTRACT 

We report on the development of coatings for a CCD detector optimized for use in a fixed dispersion 
UV spectrograph. Due to the rapidly changing index of refraction of Si, single layer broadband 
anti-reflection coatings are not suitable to increase quantum efficiency at all wavelengths of interest. 
Instead, we describe a creative solution that provides excellent performance over UV wavelengths. We 
describe progress in the development of a CCD detector with theoretical quantum efficiencies (QE) of 
greater than 60% at wavelengths from 120 to 300nm. This high efficiency may be reached by coating 
a backside illuminated, thinned, delta-doped CCD with a series of thin film anti-reflection coatings. 
The materials tested include MgF2 (optimized for highest performance from 120-150nm), Si02 (150- 
180nm), Al 2 O 3 (180-240nm), MgO (200-250nm), and Hf0 2 (240-300nm). A variety of deposition 
techniques were tested and a selection of coatings which minimized reflectance on a Si test wafer 
were applied to live devices. We also discuss future uses and improvements, including graded and 
multi-layer coatings. 



1. INTRODUCTION 

Charged Coupled Devices (CCDs) were first invented 
at Bell Labs in 1969, and have since revolutionized imag- 
ing. The CCD's ability to quickly and efficiently digitize 
data, its relatively low noise capabilities, and a sensitiv- 
ity 100 times that of film meant that they quickly be came 
indispensable to modern astronomy (|Janesic l200l . For 
UV astronomy, CCDs have not historically been a suc- 
cess. While film is sensitive at nearly all wavelengths of 
light, unmodified CCDs present a number of deficiencies. 
The front circuitry of a CCD is absorptive at UV wave- 
lengths. For high efficiency, CCDs are back illuminated, 
however the Si substrate is in turn highly reflective. More 
crucially, UV photons have a very short absorption depth 
in Si. The resulting electron-hole pairs find traps at the 
surface and never reach the gates for eventual readout. 
These characteristics have created problems in develop- 
ing efficient CCD based UV detectors. One notable work- 
around to these issues was used for the Wide Field Plane- 
tary Ca mera 2 (WFPC2) on t he Hubble Space Telescope 
(HST) (jHoltzman et al.lfl995h . WFPC2 used thick, front 
illuminated CCDs but coated them in a layer of the UV 
phosphor Lumogen, which provided a UV response of 10- 
15% from 200 to 400nm by down converting the UV pho- 
tons to 510-580nm photons. The current camera on HST, 
WFC3, also utilizes a CCD (thinned and backside illumi- 
nated with a charged backside) and AR-coating for near 
UV, but suf fers somewhat from q u antum efficiency (QE ) 
hysteresis ( (jBaggett et al.ll2010D . (jCollins et alj|2009j) ). 
Other types of UV detectors have been developed and 
are in use on current missions, i ncluding micro-channe l 
plates (MCPs) (such as JUNO dGladstone et all [2008). 
FUSE (iMoos et alJl2000ft GALEX dMartin et all 120031) 
ALICE (jStern et all 120081 ) . and FIREBall ( |Tuttle et al.l 
[2008[ ), to name a few). While their photon-counting ca- 
pabilities make them useful and at times the only option, 
MCPs still suffer from low quantum efficiency (QE from 



25% in the FUV (1344-1786 A) down to 8% in NUV 
(1771-2831 A), for the GALEX MCPs) and are challeng- 
ing to produce and utilize. In this work, we examine an 
improved CCD which is able to overcome the difficulties 
described above. 

Improvements to traditional CCD design beyond opti- 
cal use have been made in recent years wit h the advent 
of de lta-doped backside illuminated CCDs (jHoenk et al.1 
1992). Using a custom backside treatment developed 
at JPL, these modified CCDs achieve near 100% in- 
ternal quantum efficiency from the ultraviolet to the 
near infrared. This is achieved by thinning the back- 
side surface to the epilayer (which can vary between 5- 
20^im depending on CCD type) and then delta-doping 
the thinned backside layer. Delta-doping passivates the 
silicon surface and produces a highly stable, QE-pinned 
detector. The atomic-scale precision of MBE growth is 
used to embed a layer of dopant atoms with the sili- 
con lattice, which, when ionized, forms a sheet of neg- 
ative charge that isolates the surface from the builk. 
The boron atoms used in this case have an areal den- 
sity of 2 xlO 14 cm -2 , and are confined by MBE growth 
to nearly a single atomic plane located 1.5nm below 
the silicon surface. These adaptations have greatly ex- 
panded the spectral range of modified CCDs, while also 
dramatically increasing Q E and stability com pared to 
their ready-made brethren (jNikzad et al.lll99^ ). Further 
work on anti-reflection (AR) coati ngs in the visible and 
near- in frared has been succ essful (fBlacksbcr g fc Nikzadl 
I2006D . (jNikzad et al.lll994D ). prompting the current ef- 
forts to create similar AR coatings for the ultraviolet. 
The technical limitations preventing new, innovative de- 
signs in UV detectors are quickly receding, and further 
development in the manufactu rability of these t hinned 
and doped devices is underway (jHoenk et al. 2009). This 
paper describes work on the design, modeling, materials 
considerations and sample measurements on live devices 
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as part of a larger effort for development of high QE, 
high performance far UV detectors. 

This paper focuses on the development of an astro- 
nomical detector optimized for use with a monolithic UV 
spectrograph from 120 to 300nm. Due to the highly vari- 
able indices of Si, no single material or thickness is suf- 
ficient to achieve high QE over the whole range. The 
lack of a suitable broadband AR-coating in the UV does 
not rule out alternatives, and one can still achieve ex- 
cellent performance through a creative use of coatings. 
Sacrificing a single coating, and thus broadband imaging 
potential, and instead using a scries of sequential nar- 
rowband coatings allows for higher QE overall. Following 
this idea, a delta-doped CCD is to be coated in sections 
using different materials (an alternative would be a mo- 
saic of devices, each with one coating). This tiling lends 
itself most readily to a fixed spectrograph, where only 
one wavelength of light hits a particular region on the 
CCD. Spectrographs with a fixed grating are becoming 
more common since they are relatively easy and low cost 
to mass-produce. Space based instruments may also em- 
ploy a fixed grating to reduce complexity and cost. 

We have selected MgF 2 , MgO, Hf0 2 , A1 2 3 , and Si0 2 
to test as suitable AR coatings. The materials chosen 
reflect the unique requirements of a UV AR coating, in- 
cluding a favorable index of refraction and low absorp- 
tion in the desired waveband. One must be able to de- 
posit the film in a uniform way, while not causing damage 
to the CCD itself. This eliminates electron beam evap- 
oration (a common choice for dielectric coatings) as a 
potential technique because it causes X-ray damage to 
the CCDs. We have tested sputtering, atomic layer de- 
position (ALD), and thermal evaporation techniques for 
consistency and measured the reflectance of films on a 
substrate of bare Si. This is a low cost, faster alternative 
to testing on live devices. The downside is that testing 
is limited to reflectance off this surface, which necessar- 
ily omits any absorption losses. We then compare our 
measurements to the theoretical models. A further dis- 
cussion of deposition techniques and their effect on film 
quality will be presented in a forthcoming paper (Greer, 
2011 (submitted)). 

We also quickly report on the application of films onto 
live devices. A detailed account of these results are under 
prepartion to be submitted for publication (Nikzad, 2011 
(submitted)). Briefly, thinned and delta-doped standard 
and EMCCDs were both used in a variety of tests to mea- 
sure absolute QE. EMCCDs are an advancement in CCD 
techonology which enables photon-counting. A longer 
explanation is provided in Section 2] These live device 
tests provide a more realistic view of the performance of 
these films than simple reflectance tests. With live de- 
vices we are able to directly measure the effect the AR 
coating has on transmission into the the Si. Papers are in 
preparation on the stability and testing of these devices, 
as well as on detailed live results and future FUV detector 
technolog y (Hoenk, 2011 (submitted); Nikzad 2011 (sub- 
mitted); ([jacquotllReview of Scientific Instruments! ) ). 

Here we report on the growth of these films and the 
optical testing of reflectance which we have performed. 
In Section [5] we discuss how films were deposited and 
what materials were chosen. In Section [3] we discuss the 
conditions for reflectance testing, following with a dis- 
cussion of our results in Section 13.11 We also include a 
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Figure 1. Theoretical 1-Reflectancc of all films. Colored bars 
indicate the wavelength range over which each material is being 
considered. The dashed line at the bottom represents the average 
QE of the GALEX micro-channel plate detector. 

discussion of the data from live devices in Section Fi- 
nally we briefly look to future work and more advanced 
coating models in Section [SJ 

2. TECHNIQUES 

All film depositions were performed at the Jet 
Propulsion Laboratory (JPL) using thermal evaporation, 
Atomic Layer Deposition (ALD), and Radio Frequency 
(RF) dielectric sputtering. We have used thermal evap- 
oration to deposit layers of MgF 2 and RF sputtering to 
deposit layers of MgO and Si0 2 . RF sputtering and ALD 
were both used for making films of Hf0 2 , and Al 2 03. All 
films were grown on 1" (100) P/B 1-20 Ohm-cm single- 
side polished wafers of Si, as a proxy for the actual de- 
vice. The thickness of each material has been selected 
to minimize reflectance in a specific wavelength range. 
Calculations of predicted reflectance were done using the 
TFcalc™ software package, with a bare Si substrate and 
are shown in FigureQ] along with the current average QE 
of the GALEX UV space telescope. 

The thickness of the model film was varied until a min- 
imum of losses (reflectance back to the observer plus ab- 
sorption) was achieved in the target wavelength range. 
Contour plots showing potential transmission percent- 
age as a function of wavelength and thickness are shown 
for each film in Figures [2] through [6] Each plot shows 
contours of 50-80 percent potential transmission, given 
a range to thicknesses. A dark vertical line on the plot 
indicates the absorption edge. This edge marks the re- 
gion where absorption begins to increase rapidly as wave- 
length decreases; generally this fast increase begins when 
absorption has reached 10-20%. Thus anything to the 
right of the line indicates wavelengths where absorption 
is not a primary concern. 

Thicknesses which provided close to peak transmission 
while also maintaining a wide range above 50 percent 
were selected. The reflectance that corresponded to this 
thickness was then used as a target during testing. We 
sought to make a range of film thickness that were cen- 
tered around this target. Typically we tested several 
films that varried in thickness between 5-10nm above and 
below the target. There are several published indices of 
refraction for the Si substrate, which contributes to some 
uncertainty in the predicted reflectance. The indi ces of 
refraction for all materials were taken from Palik ( (|Palikl 
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Figure 2. Theoretical Transmission for a variety of thicknesses of 
HfC>2- Contour lines begin at 50 percent transmission and increase 
in increments of 10 percent. Horizontal line indicates thickness tar- 
get. Vertical line indicates absorption edge. Absorption increases 
rapidly as wavelength decreases. 
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Figure 5. Theoretical Transmission for a variety of thicknesses of 
SiC>2. Contour lines begin at 50 percent transmission and increase 
in increments of 10 percent. Horizontal line indicates thickness tar- 
get. Vertical line indicates absorption edge. Absorption increases 
rapidly as wavelength decreases. 
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Figure 3. Theoretical Transmission for a variety of thicknesses of 
MgO. Contour lines begin at 50 percent transmission and increase 
in increments of 10 percent. Horizontal line indicates thickness tar- 
get. Vertical line indicates absorptionedge. Absorption increases 
rapidly as wavelength decreases. 
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Figure 4. Theoretical Transmission for a variety of thicknesses of 
AI2O3. Contour lines begin at 50 percent transmission and increase 
in increments of 10 percent. Horizontal line indicates thickness tar- 
get. Vertical line indicates absorption edge. Absorption increases 
rapidly as wavelength decreases. 



40 F 



Contours of Transmission for MgF2 

T 




200 300 
Wavelength (nm) 



400 



Figure 6. Theoretical Transmission for a variety of thicknesses of 
MgF2. Contour lines begin at 40 percent transmission and increase 
in increments of 10 percent. Horizontal line indicates thickness tar- 
get. Vertical line indicates absorption edge. Absorption increases 
rapidly as wavelength decreases. 



Wavelength 
Range (nm) 


Material 


Modeled ideal 
thickness (nm) 


Best thickness based on 
reflectance test (nm) 


240-300 


Hf0 2 


22 


25 


200-250 


MgO 


17.5 


20 


180-240 


AI2O3 


10 


16 


150-180 


Si0 2 


15 


19 


120-150 


MgF 2 


7 


11 


120-150 


MgF 2 


13 


11 



Table 1 

Targeted thickness and best actual thickness after reflectance 
measurements for all films 



11985(1 . (lPaliklll991ft) exc ept for Hf0 2 , which came from 
Zukic (jZukic et al.l I1990I ). An alternative index of re- 
fraction for Si was a lso consulted, taken from Philipp 
(jPhilipp fc Tafti[l960t) . The Philipp values differed at 
the shortest wavelengths (below 150nm) and predicted a 
lower reflectance than the Palik values. 

All RF Sputtered depositions were made using 15 seem 
of argon gas flowing into the deposition chamber kept at 
a pressure of 25 mTorr during sputtering. Deposition 
times varied for each material and between runs. Depo- 
sition rates were calculated based on the measured thick- 
ness of a witness sample and the time of deposition. All 
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targets were conditioned for 3 minutes before sputter- 
ing began. The substrate temperature for all runs was 
17° Celsius, except for so called "hot runs", which main- 
tained a temperature of 180° Celsius. In these cases, a 
5 minute "soak" time was added to ensure the substrate 
reached equilibrium at deposition temperature. Si02, 
MgO, and AI2O3 were deposited at a power of 480 W 
(80% of maximum), while HfC>2 was deposited at 252 W 
(42% of maximum). 

Thermal evaporation was conducted at pressures of 
10~ 7 Torr. Deposition rates for each run varied between 
1 and 4 A/sec. A crystal monitor displayed thickness and 
an automatic shutter closed when the desired thickness 
was reached. There was some discrepancy between the 
monitor thickness and the actual thickness due to a tilt 
in the substrate holder. Compensation was made for this 
discrepancy. 

ALD deposition can be performed using either a 
plasma or a thermal recipe. The deposition of HTO2 was 
performed using a plasma recipe nominally at 250° C, 
while AI2O3 was deposited also using a plasma, but one 
nominally at 300° C. Plasma ALD deposition recipes de- 
velope d here were informed by the work of Goldstein, 
2008 dGoldstein et al.l [2008) for A1 2 3 and Lui, 2005 
(ILiu et al.ll2005h for HfO-,. 

Layers were deposited as close to the selected thick- 
ness as could be made, given variations in deposition 
rate from run to run, and the thickness was verified in 
an ellipsometer. Precision of the thickness measurement 
was O.lnm. 

3. TESTING 

All samples were tested at Columbia University in a 
reflectance setup. The samples were placed in a chamber 
maintained at less than 1 x 10~ 3 torr for the duration 
of the measurement. An Acton monochrometer fed by 
a focused deuterium lamp stepped through wavelengths 
from lOOnm to 300nm in steps of 5nm to 15nm, depend- 
ing on the testing run. The light reflecting off of the 
samples was detected by a Princeton/ Acton CCD dur- 
ing exposures of 115 to 180 seconds, again depending on 
the run. The resulting images were then dark subtracted, 
and the counts from the illuminated area extracted. An 
Acton H1900-FS-1D standard and an uncoated bare Si 
wafer were used to calibrate each set of measurements. 
Figure [7] shows the measured (Acton) and predicted (Si) 
1-Rcflectance percentage of both over the relevant wave- 
length range. 

Films were also sent out for testing by the J. A. Wool- 
lam company. They provided thickness measurements 
and measures of the optical indices down to 137nm 
in a vacuum ellipsometer for single samples of HTO2 
(both sputtered and ALD), MgO, A1 2 3 , and MgF 2 . 
The returned values confirmed the expected behavior of 
all films, except Hf02- We found the index of refrac- 
tion below 250nm was much higher than that measured 
(|Zukic et al.lll990l ) (maximum difference of 30%). Values 
for k were as expected. We have plans to further test this 
result. 

3.1. Results 

After comparing the reflectance of different thicknesses 
of the same material, a best fit layer thickness was se- 
lected. This best fit for each material (listed in Table [lj 
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Figure 7. 1-Rcflectance of Acton standard and bare Si. 
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Figure 8. 1-Refiectance of optimal HfC>2 film compared to TFcalc 
model. Hf02 has been optimized for 240-300 nm. The solid vertical 
line indicates the absorption edge. The red dot-dashed line shows 
the corresponding absorption percentage. 



depended on how well the layer minimized reflectance 
over the wavelength range in question, as well as an 
adherence to the predicted behavior of the reflectance 
curve. We were able to achieve predicted behavior in 
almost all of the wavelength ranges, with the exception 
of Si02- The results of the initial tests are presented 
in Figures |S] through Q21 Figures are plotted in terms 
of 1-Rcflectance, which over the wavelengths of inter- 
est is a proxy for Transmittance. A vertical solid line 
passes through the figure at the point at which absorp- 
tion reaches 10%. At wavelengths lower than the line, 
absorption grows rapidly and we assume the bulk of di- 
minished reflectance is due to absorption and not trans- 
mission. For the sake of clarity, we present 1-Reflectance 
for only our best fit thickness. 

Further tests were done to ensure reliability. Two to 
three films were made for each material with the same 
deposition process as the best fit film. Two things were 
tested here: the repeatability of the deposition proce- 
dure and consistency of performance from sample to sam- 
ple. Deposition of all have proven to be quite repeatable 
(thicknesses vary by 1 nm from target) and are espe- 
cially repeatable for ALD depositions. The values for re- 
flectance are also consistent across samples of the same 
material. 

Materials deposited using ALD, as opposed to sput- 
tering, appear to produce better films. The thickness of 
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Figure 9. 1-Reflectance of optimal MgO film compared to TFcalc 
model. MgO has been optimized for 200-250nm. The solid vertical 
line indicates the absorption edge. The red dot-dashed line shows 
the corresponding absorption percentage. 
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Figure 12. 1-Reflectance of optimal MgF2 film compared to TF- 
calc model. MgF2 has been optimized for 120-150 nm. The solid 
vertical line indicates the absorption edge. The red dot-dashed line 
shows the corresponding absorption percentage. 
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Figure 10. 1-Reflectance of optimal AI2O3 film compared to TF- 
calc model. AI2O3 has been optimized for 180-240 nm. The solid 
vertical line indicates the absorption edge. The red dot-dashed line 
shows the corresponding absorption percentage. 
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Figure 11. 1-Reflectance of optimal Si02 film compared to TF- 
calc model. Si02 has been optimized for 150-180 nm. The solid 
vertical line indicates the absorption edge. The red dot-dashed line 
shows the corresponding absorption percentage. 

the film is easier to control and the quality of the layer 
(as judged by how close the index of refraction at 500nm 
is to the bulk index) was consistently higher. Further- 
more, on tests with live delta-doped devices, sputtering 
caused a variety of problems. We believe interactions of 
the film material with the surface Si created highly ab- 




200 

Wavelength (nm) 



300 



Figure 13. Average 1-Reflectance of all films. Solid bars indicate 
the average of 1-Reflectance over the wavelength range of interest 
for each material. 

sorptive silicates. As such, our later work has used ALD 
exclusively for HTO2 and AI2O3. We plan to transition 
to ALD for MgO and SiC>2 once the necessary precursors 
have been obtained. A forthcoming paper will discuss in 
more detail the comparisons between films made by ALD 
and sputtering (Greer, 2011 (submitted)). 

AR coating films have shown good stability thus far 
and long term stability tests are underway, to be re- 
ported separately. Tests remain to determine the feasi- 
bility of applying different non-overlapping layers to the 
same CCD. Figure [T3l depicts the overall outlook for mul- 
tiple coatings on a single CCD. Each film is shown over 
the wavelength range of interest. The solid bar is an 
average of the reflectance values over that range. This 
provides an encouraging outlook for a future detector. 

4. TESTING ON LIVE DEVICES 

Our team has applied the films discussed above to 
thinned and delta-doped CCDs. Work on this is ongoing 
and another publication describes our results in detail, 
but it merits a short mention here. 

The procedure for thinning and d elta-doping, as de- 
scribed in Hoenk, (jHoenk et al.l f2009). was carried out in 
the MicroDevices Lab at JPL on both Cas sini CCDs and 
Elect ron Multiplying CCDs (EMCCDs) (jMackav et al.l 
1200 If ). The standard n-channel CC Ds used have 102 4 
square arrays and 12 micron pixels (|Porco et al.l [2004). 
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The EMCCDs are 1024 by 512 rectangular arrays, 
with 16 micron pixels. EMCCDs are an advancement 
in CCD technology which enables low-noise photon- 
counting. These were first developed at e2v (formally 
Marconi), and sport a high internal gain before read- 
out, which allows sub electron read noise levels. The 
adva ntages for registe ring single photon events are obvi- 
ous (|Gach et al.ll2004f ). and when combined with a high 
QE from a thinned, delta-doped, and AR coated CCD, 
we expect to dramatically improve the minimum signal 
detector threshold. 

For each test, a single film is applied to a thinned and 
delta-doped device, using a simple shadow mask to pro- 
vide a coated and uncoated half. Devices were then wire- 
bonded and packaged for testing. A measurement set- 
up for finding absolute QEs was developed using JPL's 
Vacuum UV Characterization setup (a detailed descrip- 
tion of characterization system and methods of measure- 
ments are described in a separate paper (Jacquot, Rev 
Sci Instrum, submitted)) and used for measuring the ef- 
fectiveness of each film type. The testing chamber steps 
through wavelengths from Lyman-a into the infrared, il- 
luminating the CCD. A NIST-calibrated Si photodiode 
provides a standard at each wavelength. A region of 
interest was selected on both the coated and uncoated 
sides, and QE was calculated from the counts in each 
region after correcting for bias levels. The conversion 
gain (E/DN) is determined by a photon transfer curve. 
The uncoated QE should follow the reflection limit of sil- 
icon, and so provides an excellent check that the device 
is functioning properly. 

Films made with RF sputtering failed to increase QE, 
and in some cases caused worse performance. ALD and 
Thermal Evaporated films all performed well. Using pa- 
rameters from the literature we have achieved qualitative 
agreement between our measured QE and the expected 
value. In films where we characterized the indices, we 
achieved more close agreement between modeling and ex- 
periments. More work is underway to complete the anal- 
ysis. Nevertheless, we have been able to achieve greater 
than 50% QE over the range of interest in the four bands 
described previously. More detailed description of the 
behavior of the coatings and plots of QE of the films on 
live devices will be discussed in a future paper. 

5. FUTURE APPLICATIONS 
5.1. Applications in astronomy 

Astronomical uses for these new devices will no doubt 
go beyond the few we have imagined here, as more work is 
done on these and other materials. The most immediate 
use we envision would be on a space, balloon, or rocket 
borne experiment in which the device is fed by an Integral 
Field Unit (IFU) and will cover a wavelength range of 
120-300mn. This would allow imaging and spectroscopy 
beyond the frontiers created by GALEX and HST, in a 
wider range of wavelengths and at much lower integration 
times for similar information. The use of an EMCCD 
would allow observations of the faintest regions of the 
intergalactic medium, and could provide an important 
view into the history of the Universe. 

Beyond an IFU covering a wide wavelength range, 
these coatings can be tuned to any variety of spe- 
cific medium bands. An AR-coating is already in use 
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Figure 14. Theoretical Transmission for a 5 layer stack of LaFg 
and AI2O3. This particular multilayer is optimized to maximize 
transmission around 200nm. 1-Reflcctance of Si is shown as solid 
black line. 

on WFPC3, p roviding QE in the NUV and optical 
(Bag gett et all 120101 . The coverage of a whole device in 
a thick layer of A1203 (23nm), for instance, would create 
an imager optimized for 200-250nm. Hf02, already well 
known as an AR-coating in the optical, could similarly be 
useful in a near UV and optical imager. MgO and MgF2, 
along with other as of yet untested materials, may also 
prove useful in specific instances. We plan to test more 
films and thicknesses on live devices to get a better idea 
of the potential range of uses. 

5.2. Multi-layer and Graded Coatings 

Thus far we have only discussed the effects of single 
films. One may also create narrow-band filters in the UV 
using these coatings. As is well known, multi-layer coat- 
ings with alternating layers of high and low index ma- 
terial can provide even better t ransmission than a singl e 
film AR coat ing C (|Flintill982n . (IHaelbich fc Kunzl[T970) . 
(|Spillerlll972fl ). A highly tuned multi-layer, while being 
less broadly applicable, can provide a bandpass of high 
transmission over a short wavelength range. A multi- 
layer film using alternating layers of LaF3 and MgF2 is 
one such easily created design. These multi-layers could 
be optimized to create a bandpass around 200nm, taking 
advantage of an atm ospheric window best exploited by 
balloon experiments (Huffman et al.l fl980T ) ■ This band- 
pass would have higher transmission than a single layer 
of MgO or AI2O3, but would be much narrower in wave- 
length. This particular example is ideal for looking at 
red-shifted Lyman-a and certain red-shifted metal lines 
while taking adva ntage of the very l ow sky background 
found in the UV (jTuttle et al.l [2008). but coatings can 
be optimized for nearly any desired wavelength and ob- 
servational purpose. Figure fl4l shows an example of the 
high, but peaked, transmission that can be achieved with 
a multilayer film. LaF3 and AI2O3 are used in sequence 
and with different thicknesses in each layer. There are 5 
layers all together, starting and ending with AI2O3. 

In our work so far, we have tried to achieve high QE 
across a wide wavelength range by using several dif- 
ferent films, each with a specific thickness. Each film, 
while not being a true broadband coating, still provides 
coverage over many tens of nanometers. Taking this 
method one step further, one could create a series of 
many very sharply peaked narrow-band films, and sim- 
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Figure 15. Theoretical Transmission for a variety of total thick- 
nesses of stacks of LaF3 and AI3O3. The 5-layer stacks are varied 
to achieve high QE in a narrow range. A film that was graded 
to follow the highest contours could achieve between 75 and 95 
percent transmission across a large wavelength range. 

ilarly tile them across a device. Each would provide 
higher QE than the films described in previous sections, 
but only over a range of a few nanometers. This creates 
technological challenges in applying these films over a 
small area and in close proximity. One alternative to this 
would be to create a graded or ramped coating such that 
the thickness changes quickly enough to provide high 
QE without changing film materials. A wedge shaped 
film (thin at low wavelengths and thicker at high) would 
eliminate the need to change from one material type to 
another, and provide a way to reach a consistently high 
QE across the whole band instead of just one peak. This 
ramp would also prevent the creation of low QE 'seams', 
where two films meet. 

One example of a potential ramp is found in Figure 
[T5l The modeled coating is 5 layers of alternating AI2O3 
and LaF3. While the ratios between the layers remain 
roughly static, the overall thickness of the stack increases 
as one optimizes for higher wavelengths. By starting 
at one edge of the device with a coating optimized for 
180nm and increasing all thicknesses until the coating is 
optimized for 350nm, for example, one can create a de- 
vice with high QE across all wavelengths. The material 
combinations for this type of design are dependent on 
what ranges one hopes to target, and are somewhat con- 
strained by deposition techniques, but on the whole this 
represents a way to achieve numerous goals in high QE 
coatings. 

5.3. Red Rejection 

A common difficulty in UV spectroscopy is adequate 
red rejection. All of the AR coatings we have discussed 
above provide a boost in transmission in the UV, but at 
longer wavelengths has very little effect. Thus at the red 
end, the CCD should behave as an uncoated delta-doped 
device and be very responsive. Any optical assembly 
which seeks to use these devices will need to ensure that 
stray light of other wavelengths does not reach the CCD. 
The high QE over a wide range of wavelengths longer 
than the UV means this is a particularly important is- 
sue to note. Filters, combined with a careful selection 
of reflective gratings, should minimize red leak, although 
characterization of the total leak into the device on the 
final optical assembly will be essential. We may also ex- 



plore filters that simultaneously reflect undesired optical 
bands and transmit effectively in the UV. 

5.4. Applications in other fields 

While our expertise remains in astronomical and scien- 
tific applications, the uses of a high quality imager over 
the entire UV wavelength range will be considerable. The 
devices are relatively easy to manufacture on an indus- 
trial scale, especially when compared with MCPs. One 
immediate application is in small scale modular fixed 
spectrographs. A variety of these are made by Ocean Op- 
tics (USB2000 series), StellarNet (EPP2000), and other 
companies. Judicious use of AR-coatings for these mod- 
ular spectrographs will immediately and easily improve 
performance. VUV spectrographs from Acton/PI and 
McPherson and VUV ellipsometers from J.A.Woollam, 
among others, can also see similar improvements. In- 
struments which already utilize spectrometers to iden- 
tify chemicals in the fields of medical imaging, defense, 
materials analysis, and chemical testing can also take ad- 
vantage of the coatings presented here. 

Any potential uses one might imagine are immediately 
bolstered by the increased QE that these devices will pro- 
vide. From an astronomical perspective, a boost in QE 
from delta-doping and AR coating, combined with a de- 
crease in the noise level from an EMCCD, will result in 
two advantages. The first is a lowering of detection lim- 
its, allowing deeper images of fainter objects. The second 
is a cost savings on future missions. A smaller primary 
mirror could be used while still achieving great scientific 
gains and lowering the overall costs of getting a mission 
into the upper atmosphere or orbit. Recent developments 
in creating low noise CMOS detectors mean our AR coat- 
ings may als o be useful in this brand of UV detector 
development (jFowler et alj |2010). In other fields, using 
relatively easy to manufacture silicon detectors in place 
of MCPs or other more construction-demanding devices 
will also provide a savings in cost, design, and ease of 
use. 
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